Сopper aluminium oxide (CuAlO2) was successfully prepared within the single-step sparking process at the atmospheric pressure. The as-deposited films were then annealed at 400, 900, 1000, and 1100 ∘ C in an oven. The results have shown that the annealing temperature has direct effect on the morphology, phase transformation, and optical properties. CuAlO2 in the delafossite phase was formed on the annealed films at temperatures higher than 900 ∘ C. Furthermore, the energy band gaps of the annealed films were linearly increased from 3.3 to 3.8 eV with increasing the annealing temperature from 400 to 1100 ∘ C due to a reduction of the oxygen deficit of films at high annealing temperatures.
Introduction
Transparent conducting oxide is one of the most advanced topics for a wide range of equipment applications and for credible wide band gap oxide semiconductors. Transparent oxides with -type andtype are severely limited for the development ofjunction based devices such as transistors, transparent diodes, light emitting diodes (LEDs), and various other optoelectronic devices [1] [2] [3] [4] [5] [6] . In recent years, semiconducting delafossite oxides such as copper aluminium oxide (CuAlO 2 ) have attracted much inter-est as -type semiconductors due to their optical and electrical properties [8] . CuAlO 2 has a direct band gap in the interval 3.5-4.0 eV, while the indirect band gap is 2.0 eV [9] . Thus, CuAlO 2 can be used as amassing in a dye-sensitized solar cell [5] . Several methods have been used for the synthesis of CuAlO 2 films such as the sputtering [10] [11] , sol-gel [12] , solution [13] , pulsed laser deposition [14] , chemical vapour deposition [15] , and sparking [16] ones.
In this work, we prepare CuAlO 2 films on the quartz substrate using a single step of the sparking method without vacuum system [16] . The as-deposited films were annealed at 400, 900, 1000, and 1100 ∘ C for 1 h. to improve their crystallinity. The morphology and structural and optical properties of the films were characterized by scanning electromicroscopy (SEM), energy dispersive x-ray (EDX), X- ray diffraction (XRD), and UV/vis spectroscopy. Furthermore, the phase composition of the film surfaces was characterized using X-ray photoelectron spectroscopy (XPS). The effect of the annealing temperature on their properties will be described and discussed in what follows.
Experimental Details
The experiment was carried out using the sparking off Al (0.25 mm, 99.9%, SIGMA-ALDRICH Chemistry, USA) and Cu (0.58 mm, 99.9%, Advent Research Material Ltd, UK) tips with the high DC voltage of 2 kV under atmospheric pressure, as shown in Fig. 1 . The tips were placed at the 1-mm spacing, while the tips were also placed above the quartz substrate at a distance of 1 mm. In the sparking process for 1 h and the deposition rate of 125 nm/min, small particles of Cu and Al, which are generated by the bombardment by electrons and ions at the two tip surfaces, were deposited on the substrate to form the films. The as-deposited films were then annealed in a furnace at 400, 900, 1000, and 1100 ∘ C for 1 h. The film morphology was characterized by SEM (JEOL JSM300), the film components were determined by using EDX. The crystal structures and the phase composition of the films were investigated by XRD (Rigagu; CuK radiation with = 0.1541862 nm operating at 40 kV, 30 mA) and XPS (AXIS ULTRADLD, Kratos analytical, Manchester, UK). Moreover, the optical properties including the energy gap of the films can be characterized by UV/vis spectroscopy (Hitachi U-4100).
Results and Discussion
Fig. 2, a-e shows SEM images of the as-deposited and annealed films at 400, 900, 1000, and 1100 ∘ C for 1 h, respectively. From the figures, it is clearly seen that the as-deposited films (Fig. 2, a) have a high porosity. According to the high surface energy of nanoparticles, Cu/Al nanoclusters were then agglomerated to decrease their surface energy [17] . The surface roughness and the particle sizes of the films were decreased with increasing the annealing temperature (see Fig. 2, b-e) . When the films are annealed at 900 and 1000 ∘ C, it is seen that some of Al particles are melted, because the melting temperature of Al is lower than 900 ∘ C [18] . When the films are annealed at 1100 ∘ C, Cu/Al particles are totally melted since the temperature was higher than the melting point of copper [18] . The weight % of Cu/Al on the films is shown in Fig. 2 , f. It is found that the weight % of Cu decreases, while the weight % of Al increases, as the annealing temperature increases. This is because the melting temperature of Al lower than that of Cu leads to the coverage on Cu particles at the high annealing temperature. Figure 3 shows XRD patterns of the as-deposited films and films annealed at various temperatures for 1 h. From the figure, no significant peak is observed at the annealing temperature lower 400 ∘ C. At the annealing temperature of 900 ∘ C, the peaks were observed at 35.6 ∘ and 38.9 ∘ , which correspond to CuO [19] , while the peak at 36.9
∘ is related to CuAl 2 O 4 [20] . After the annealing at more that 900 ∘ C, the peaks are clearly observed at 21.6 ∘ and 35.8 ∘ , which confirms that the film is CuAlO 2 [21] .
The CuAlO 2 film annealed at 1100 ∘ C were studied by XPS spectra, as shown in Fig. 4 . From the figure, we see that all strong peaks of Cu, Al, and O correspond to the state of CuAlO 2 . That is, the main peaks of Cu 2 were observed at the binding energies of 933.2 eV and 952.9 eV, which correspond to Cu 2 3/2 and the spin orbital Cu 2 1/2 (see Fig. 4 , a) [22] . However, the states of CuO are remained at 935.0 eV and 953.9 eV, while the states of CuAl 2 O 4 are also remained at 934.6 eV and 952.6 eV [24] . Figure 4 , b shows the Al 2 (Al 3+ ) peak at 74.5 eV, which corresponds to Al +3 -O −2 bonds of CuAlO 2 [22] , whereas the peak at 74.7 eV corresponds to CuAl 2 O 4 [25] . Figure 4 , c shows the main peak at 532.6 eV of O 1 , which corresponds to O 2− -Cu +1 [22] . The binding energy at 531.4 eV corresponds to O −2 -Al +3 . However, the peak at 533.8 eV was observed due to the aggregation of (O 2 ) 2− peroxo species [23] . Thus, the XRD results show not only the peak of CuAlO 2 (Fig. 3) , but also confirm the presence of CuAlO 2 observed on the films by XPS spectra.
The optical transmission spectra of the asdeposited and annealed films at 400, 900, 1000, and 1100 ∘ C in for 1 h have shown in Fig. 5 . The transmission of the as-deposited and annealed films at 400 ∘ C rapidly decreases from 90 to 20% with decreasing the wavelength from 1000 to 200 nm. It might be from the absorption and scattering of the amorphous structure [26] . If the annealing temperature is higher than 900 ∘ C, the transmission slightly decreases with decreasing the wavelength from 1000 to 300 nm. The transmission then rapidly decreases for the wavelengths lower than 300 nm due to the formation of the CuAlO 2 phase on the films [27] .
The energy band gap ( ) values, which can be indicated using the transmission spectra (see Fig. 5 ), Fig. 3 . XRD patterns of the Cu/Al films at various annealing temperatures Fig. 4 . XPS spectra of Cu 2 (a), Al 2 (b) and O 1 (c); the films were annealed at 1100 ∘ C for 1 h Fig. 5 . UV-Vis transmission spectra of the as-deposited and annealed films at various annealing temperatures Fig. 6 . Plot of ( ℎ ) 2 versus the photon energy for the determination of the as-deposited and annealed films at various annealing temperatures are shown in Fig. 6 . The Tauc plot is used to generate the optical band gap ( ) and can be written as follows [28] :
Here, is an optical absorption coefficient of the films which can be calculated using relation (2) [29, 37] , is a constant dependent on the photon energy, ℎ is the photon energy, and is the transmittance. The exponential is 2 or 1 2 for the indirect or direct allowed transition. However, the assuming without the film thickness value ( ) was slightly different [35, 36] . Thus, the optical band gap ( ) can be determined using a plot of (ln(1/ ) * ℎ ) 2 against the energy ℎ , as shown in Fig. 6 . From the figure, the ( ) of the as-deposited films was 3.2 eV, while the annealed films at 400, 900, 1000, and 1100 ∘ C were 3.3, 3.4, 3.5, and 3.8 eV respectively. We note that increases with the annealing temperature due to the formation of CuAlO 2 at high temperatures [33] . This is because the increasing of the band gap is required to reduce the oxygen deficit [9] , which in good agreement with all of the above-mentioned researchers [30] [31] [32] [33] [34] .
Conclusions
Cu/Al composited films were deposited on the quartz substrate by the single-step sparking method at the atmospheric pressure. The morphology and structural and optical properties of the annealed films at various temperatures are totally different from the as-deposited films. Furthermore, XRD and XPS spectra have confirmed that CuAlO 2 in the delafossite phase was formed on the films annealed at high temperatures. 
